Introduction
Initially, frameshift mutations in the melanocortin 4 receptor (MC4R) gene were found in two obese patients [1, 2] . To date the highest frequency of point mutations in extremely obese patients is found in the MC4R gene, occurring in 1-5% of obese patients [3, 4] . The MC4R belongs to the large superfamily of G-protein-coupled receptors (GPCR) sharing the common structural feature of a seven-transmembranespanning protein [5] . The MC4R is activated by proopiomelanocortin(POMC)-derived peptides: α-MSH and β-MSH. The activated receptor couples to the Gs/adenylyl cyclase system, leading to decreased food intake and increased energy expenditure [6] . Targeted deletion of the MC4R resulted in severe obesity in homozygous mice while heterozygous female animals have an intermediate body weight [7] . These data clearly argue in favor of a gene-dosage effect of the MC4R in weight homeostasis, which contrasts to known genotype-phenotype correlations of so far identified mutations in the GPCR gene family. However, in accordance to heterozygous mouse knock-out findings, most MC4R mutations in obese humans were found in a heterozygous state. The resulting partial or complete loss-of-function of these mutant receptors implicated the same gene dosage effect on human weight maintenance as in rodents. So far a dominant negative effect for a variety of heterozygous MC4R mutations was excluded [8, 9] . However, we recently identified in an early-onset obese patient a heterozygous complete lossof-function mutation in transmembrane domain two (Asp90Asn) that results in high expression on the cell surface and binding of the ligand with the same affinity as the
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Summary
Background: Heterozygous MC4R mutation is the most frequent cause of monogenic obesity. For most MC4R mutations a gene dosage effect seems to be the underlying mechanism. However, a dominant negative effect of a heterozygous MC4R mutation was recently identified, pointing to an additional mechanism of MC4R inactivation.
Methods:
The complete loss-of-function mutation (Ser136Phe), identified in a cohort of obese Austrian patients, was characterized for cell surface expression, signal transduction and ligand binding properties. Co-transfection studies tested for a dominant negative effect. Dimerization was investigated by a sandwich ELISA and by fluorescence resonance energy transfer (FRET) approach. Potential intramolecular interactions of Ser136 were studied by homologous receptor modelling based on the crystal structure of the β2-adrenergic receptor. Results: The Ser136Phe mutation showed a dominant negative effect. The sandwich ELISA and FRET approach demonstrated dimerization of mutant and wild type receptor. Receptor modelling revealed an essential function of Ser136 at transmembrane helix 3 (TMH3) for establishing H-bonds between TMH2, TMH3, and TMH7. The mutation Ser136Phe most likely disrupts this network and leads to an incompetent helix-helix arrangement in the mutated receptor. Conclusion: Identification of dominant negative MC4R mutations is important to fully understand receptor function and to determine receptor regions that are involved in MC4R dimer activation.
A Heterozygous Mutation in the Third Transmembrane Domain Causes a Dominant-Negative Effect on Signalling Capability of the MC4R
wild type. In co-transfection studies of mutant and wild type receptor to resemble the situation in the patient we could show that the mutant receptors reduce the signalling capacity of the wild type receptor which could be classified as a dominant negative effect [10] . The identification of a dominant negative effect adds an additional mechanism how a heterozygous MC4R mutation can result in severe earlyonset obesity. Naturally occurring mutations in GPCRs are always a good target to get deeper information on structure and function, which is a prerequisite to understand the physiological role of the investigated receptor [11] . To understand the molecular mechanism of the dominant negative Asp90Asn mutation, we tested this receptor variant for oligomerization and demonstrated for the first time that the MC4R forms receptor homodimers. It is now accepted that oligomerization of GPCR is one crucial feature to understand the complexity of GPCR function [12, 13] . Currently many efforts are undertaken to understand how GPCR interaction occurs. Besides interactions via disulfide bridges, the relatively conserved transmembrane domains are highly suspicious for formation of interaction domains. However, to date only little is known about the involvement of single amino acids within the transmenbrane domains. Two single amino acids of the chemokine receptor CCR5 located in transmembrane domains 1 and 4 were found to be involved in dimerization [14] . Computational studies predict that transmembrane domains 5 and 6 and transmembrane domains 2 and 3 could form receptor-receptor interactions [15] . Mutations of single amino acids are thought to disrupt the dimerization interface by changing the hydrophobicity of the helices. Recently, calculation of ligand binding kinetics suggested existence of two tandemly arranged binding sites in a MC4R oligomer [16] . To fully understand MC4R function, it is of profound importance to know how interaction of wild type/wild type or wild type/mutant MC4R occurs. Recently we excluded the extracellular cysteine residues of the MC4R as interaction partners [17] . Dominant negative effects of naturally occurring MC4R mutations point towards receptor regions holding the receptor/receptor complex in an inactive state. The heterozygous mutation in the MC4R, Ser136Phe, was found in a 2.3-year-old girl with severe obesity (BMI 33.2kg/m 2 , >99th centile), hyperphagia and asymmetry of the amygdaloid nuclei [18] . Her 18-year-old sister and her 53-yearold grandmother were also heterozygous mutation carriers and obese (BMI 33.4 and 41.7 kg/m 2 , respectively). Affected male family members as the 17-year-old brother and the 35-year-old father had BMI of 25.6 and 30.7 kg/m 2 but are reported to have a higher body weight in the past (for detailed information see supplemental data). Here we report a new case of a heterozygous dominant negative MC4R mutation in transmembrane domain 3 (Ser136Phe) found in a family with extreme early-onset obesity. 
Material and Methods
Functional Studies
Wild type as well as mutant S136F MC4R were cloned in a pcDps expression vector. For functional studies mutant and wild type receptors were transiently transfected into COS-7 cells using Metafectene™ (Biontex, Munich, Germany) according to the manufacturers protocol. 72 h later cAMP accumulation assays were performed as described previously [19] . For co-transfection equal amounts (3 μg each per 12-well plate) of wild type and mutant receptor or monocarboxylate transporter 8 (MCT8) as negative control were used. For cell surface binding studies cells were transfected with Metafectene in 48-well plates. Two days later cells were incubated overnight with increasing amounts of α-MSH and constant amounts of 125 I-labeled NDP-alpha-MSH. After washing specifically bound 125 I-NDP-alpha-MSH was measured. To investigate cell surface expression, wild type and mutant cells were Nterminally HA-tagged and tested in cell surface ELISA studies. 48 h after transfection cells were paraformaldehyde-fixated, and the extracellular HA epitope was probed with a biotin-labelled antibody (Roche Applied Science; Mannheim Germany). Bound anti-HA antibody was detected by peroxidase-labelled streptavidin (Dianova, Hamburg, Germany) in a substrate/chromogen reaction as described [20] . For investigation of receptor dimerization a sandwich ELISA was performed with aminoterminal HA-tagged (N-HA) and carboxyterminal FLAG-tagged (C-FLAG) constructs. Plasmids were co-transfected in 6-cm dishes. As negative controls a HAtagged thyroid hormone tranporter (MCT8) was co-transfected with MC4R-C-Flag or the N-HA-MC4R construct was transfected alone. 48 h after transfection, cells were harvested and solubilized overnight. The lysates were incubated in anti-FLAG antibody-coated 96-well plates (Sigma-Aldrich, Hamburg, Germany) for 2 h. Detection of the HA epitope was performed as described above. For statistical analysis we conducted a one-way ANOVA to investigate global differences between the dimerization of the negative control WTMC4R-CFL+WTMCT8-NHA and the mutant S136F-NHA+ WTMC4R-CFL, followed by subsequent Tukey tests for the post-hoc comparisons between the negative control and the different constructs.
The tests were performed with SPSS 12.0 (Munich, Germany). By fluorescence resonance energy transfer (FRET) we are able to directly demonstrate dimerization in living cells. For FRET analysis MC4R-WT and S136F mutants were C-terminally fused to cyan (CFP) or yellow (YFP) fluorescent protein using the EcoRI and KpnI sites of pECFP-N1 or pEYFP-N1 vectors (Clontech, Palo Alto, CA, USA). HEK293 cells were transiently co-transfected with various amounts of resulting plasmids encoding a CFP-and a YFP-fused receptor using the FuGENE 6 transfection reagent (Roche Molecular Biochemicals, Mannheim, Germany; 4 μl of FuGENE 6 / 2μg of DNA). Cells were grown on glass cover slips, which were treated with 0.01 mg/ml poly-L-lysine (Biochrom, Berlin Germany), for 48 h. Cover slips were then mounted in a custom-mode chamber of an inverted microscope with a Plan-Apochromat 63× / 1.4 objective (Axiovert 100; Carl Zeiss Microimaging, Jena, Germany) and covered in a Hepes-buffered solution (138 nmol/l NaCl, 6 mmol/l KCl, 1 mmol/l MgCl2, 1 mmol/l CaCl2, 5.5 mmol/l glucose, 2 mg/ml bovine serum albumin, and 10 mmol/l Hepes, pH 7.5) for the whole measurement. Measurement instructions are already described by Brock et al., [41] . Briefly, CFP and YFP were alternately excited at 440 and 510 nm with a monochromator (PolychromeII; TILL Photonics, Gräfelfing, Germany). The use of a motorized filter wheel (Lambda 10/2; Sutter Instrument Company, Novato, CA, USA) permits the separate detection (cooled CCD camera; IMAGO, TILL Photonics) of the emitted light through different band pass filter (460-500 nm for CFP and 535-580 nm for YFP). A homologous molecular monomer model of the serpentine domain of the MC4R which is based on the recently solved X-ray structures of the β2-adrenergic receptor (β2-AR) [21, 22] (protein data bank (PDB) entry codes: 2RH1, 2R4R) was generated with Sybyl 7.3.5 (Tripos, St. Louis, MS, USA). However, several MC4R-specific corrections were made, such as regular helix extensions in transmembrane helix 2 (TMH2) and TMH5 of the MC4R instead of structural bulges in the two helices of β2-AR. The major structural difference concerns extracellular loop two (ECL2). The ECL2 of the MC4R which connects TMH4 and TMH5 consist only four amino acids. Therefore, the ECL2 of the β2-AR was substituted by a short loop conformation of the MC4R. Loops were refined by best fit and homology to fragments of other proteins from PDB. Gaps of missing residues in the loops of the template structure were closed by the 'Loop Search' tool implemented in Sybyl 7.3.5. Conjugate gradient minimizations were performed until converging at a termination gradient of 0.05 kcal/(mol × Å) using the AMBER 7.0 force field [23] . Quality and stability of the model were validated by checking the geometry by PROCHECK (www.biochem.ucl.ac.uk/~roman/procheck/procheck.html) [24] and by monitoring the root mean square deviation (RMSD) during a molecular dynamics simulation of 4 ns.
Results
To investigate functional properties of the Ser136Phe mutant, MC4R COS-7 cells were transiently transfected with wild type and mutant MC4R constructs. First, in cell surface expression studies of the mutant receptor we observed that the Ser136Phe mutant only shows a slight reduction of cell surface expression compared to the wild type receptor (table 1) , which was not significant (p > 0.05). Second, investigation of signal transduction properties of the mutant S136F receptor revealed a complete loss of adenylyl cyclase activation after stimulation with the natural MC4R ligands α-MSH and β-MSH as well as with the highly potent artificial ligand NDP-α-MSH (table 1, fig. 1a ). Third, binding properties of wild type and mutant receptor are comparable (fig. 1b) .
The functional characteristics of a complete loss-of-function MC4R mutation highly expressed on the cell surface with ligand-binding properties comparable to the wild type receptor is in accordance with the functional situation of the heterozygous D90N mutation where we demonstrated a dominant negative effect [10] . Consequently, we performed co-transfection studies with wild type and S136F mutant MC4R and as control with the thyroid hormone transporter MCT8. We investigated signal transduction properties after stimulation with the natural ligands α-MSH and β-MSH as well as NDP-α-MSH. The mutant receptor exhibited a dominant negative effect on wild type receptor function by increasing EC50 values by a factor of approximately 3 after stimulation with NDP-α-MSH and α-MSH and of 14 after stimulation with β-MSH (table 1, and fig. 1a ). This effect was significant for the stimulation with β-MSH when the EC50 values of the wild type/mutant co-transfection were compared with those of the single transfected wild type MC4R or the MC4R/MCT8 co-transfection (p < 0.05). Additionally we performed experiments in CHO cells that stably express the wild type MC4R and co-transfected the S136F mutant to ensure that obtained data were not a result of an artificial over-expression system. Again, the S136F mutant showed a dominant negative effect on wild type receptor function (data not shown). Recently, we showed that the wild type MC4R as well as wild type and non-synonymously mutant D90N-MC4R are able to form receptor oligomers [10] . To test this functional characteristic of the MC4R for the S136F mutant, we applied a sandwich ELISA approach with differentially tagged receptors (Nterminally HA or C-terminally FLAG) after co-transfection of wild type and mutant receptor. In comparison to negative controls (transfection of wild type MC4R-N-HA alone or cotransfection of wild type MC4R and MCT8) wild type MC4R and S136F mutants formed receptor oligomers to the same extent as the wild type MC4R (fig. 1c) . In comparison to the neg- fig. 2A,B) . As negative control dimerization between the MC4R and the cannabinoid receptor type 1 (CB1R) was tested ( fig. 2C ). In this experiments a FRET efficency of 5.85% was obtained, indicating absence of dimerization. The molecular monomer model of the MC4R reveals that S136 at TMH3 is located in the same structural microdomain as D90 in TMH2, and N294, D298 in TMH7 ( fig. 3 ). They interact via H-bonds under assistance of four water molecules, which are conserved at identical locations in the β2-AR and in the bovine rhodopsin crystal structures as well. This H-bond network is essential for constraining the transmembrane helix arrangement in the basal signalling-competent conformation.
In conclusion, we report the second heterozygous complete loss-of-function MC4R mutation causing a dominant negative cells were co-transfected with differentially tagged MC4R constructs, solubilized overnight and incubated in FLAG-antibody-coated 96-well plates. Dimerization was measured via the N-terminally tagged HA epitope as increase in optical density. WT-MC4R-CFL, WT-MC4R-NHA and co-transfected with WT-MC4R-C-FLAG with MCT8-N-HA served as negative controls, double tagged MC4R and co-transfection of WT-MC4R-N-HA and WT-MC4R-C-FLAG were used as positive controls. The mean absorption (492 nm / 620 nm) is shown as percentage of the double tagged WT-MC4R of three independent experiments. One way ANOVA and Tukey tests were conducted for the difference of the negative control (WT-MC4R-CFL+WT-MCT8-NHA) and two constructs (p < 0.001). effect on signalling capability. The mutant receptor is able to dimerize with the wild type receptor in a manner the wild type receptor dimerizes with itself. The side chain of S136 is involved in an interhelical H-bond network constraining the signalling-competent basal conformation of the wild type receptor. The pathogenic mutation S136F leads to disruption of these stabilizing interactions and finally causes a signalling-incompetent arrangement of the signalling-essential transmembrane helices 2, 3, and 7. Molecular homology model of the serpentine domain of the MC4R was generated based on the recently solved X-ray structure of the β2-adrenergic receptor [21, 22] . Amino acids D90, S136, N294, and D298 at TMH2, TMH3, and TMH7 are located in a common structural microdomain.
Discussion
We have demonstrated a dominant negative effect of a naturally occurring MC4R mutation on the wild type receptor. (For information on the phenotype of the mutation carrier and family please see supplementary material). Prerequisite for this effect seems to be a strong expression of the mutated receptor on the cell surface and potent ligand binding properties as well as the ability to form heterodimers with wild type receptors.
Here, FRET signals are detected by recording the donor recovery (CFP emission, black line) before and during acceptor bleaching (YFP emission, gray line). The selective photobleaching at 512 nm results in a decrease in YFP emission accompanied by an increase in CFP emission. An increase in CFP fluorescence during YFP-bleach is direct evidence for FRET.
FRET efficiencies E were calculated from the relative increase in CFP emission and the decrease in YFP emission by linear regression. The depicted data represent means ± SEM of 4-6 single cells of one representative measurement of at least three independent transfection experiments performed in triplicates.
They interact via H-bonds under assistance of four water molecules (conserved in X-ray structures of bov rhodopsin and β2-adrenergic receptor). This H-bond network is essential for constraining the transmembrane helix arrangement in the basal signalling-competent conformation.
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In most cases MC4R mutations occur heterozygously. These heterozygous mutation carriers are up to two SD scores heavier than their wild type family members [25] . Heterozygous MC4R mutations causing a dominant negative effect seem to be rare. For a variety of heterozygous complete and partial loss-of-function MC4R mutations a dominant negative effect seemed to be excluded [8, 9, 17] . For these mutations a gene dosage effect might be the underlying molecular mechanism. Homozygous or compound heterozygous MC4R mutations are as rare as homozygous recessive mutations in other genes of the leptinergic-melanocortinergic pathway, e.g. leptin or POMC mutations [3, [26] [27] [28] [29] [30] [31] . The degree of obesity in these homozygous or compound heterozygous MC4R mutation carriers seems to be more extreme than in heterozygous mutation carriers [3, 27, 28] . One might assume that the phenotype of patients with a dominant negative MC4R mutation might be intermediate between homozygous/compound heterozygous and heterozygous carriers of haploinsufficiency mutations. However, due to the detection of only two dominant negative mutations so far, this hypothesis will remain a mere speculation until more such mutations are identified. Additionally we have to take into account that not only the dominant negative effect but also additional factors play a role in the phenotypic appearance of obesity, e.g. the gender or the age of the mutation carrier. The finding that the MC4R is able to form receptor oligomers adds one important functional characteristic to the understanding of its function in weight regulation. GPCR homo-or hetero-oligomerization as an important functional characteristic, and is now an accepted feature of GPCRs [12.13] . We tested dimerization of the heterozygous partial loss-of-function Ser127Leu mutation also located in transmembrane domain 3. This mutation forms a dimer with the wild type receptor but the mutation does not have a dominant negative effect on wild type receptor function [17] . Hence, only specific MC4R mutations like D90N or S136F are able to keep the wild type/mutant dimer in an inactive state in the presence of ligand ( fig. 4 ). From these findings we conclude that receptor dimerization is a complex mechanism in which the association of transmembrane domains as well as single amino acids may be involved. In view of the complex ternary model of receptor activation [32] the MC4R dimers (wild type/wild type or wild type/ mutant) will be activated by natural or artificial ligands and the equilibrium is pushed to an active state. If a specific MC4R mutation that does not abolish receptor dimerization is able to keep the receptor complex in an inactive state even after ligand stimulation, a dominant negative effect occurs. So far this could only be observed for the D90N and the S136F mutations. These amino acid positions seem to play an important role in receptor oligomer activation. The position of D90 in transmembrane domain 2 is the most conserved position in all GPCRs. If this position is mutated, the EC50 value for wild type mutant activation is shifted towards higher agonist concentrations by a factor of approximately 100. This could not be detected for co-expression with the Gs-coupling TSHR [10] . Ser136 in transmembrane domain 3 is located in a stretch of four serine residues. Mutation of S136 to phenylalanine resulted in a shift by the factor of 3-14 towards higher ligand concentration for activation of the wild type/mutant complex. The molecular monomer model of the MC4R reveals an intramolecular H-bond network between the transmembrane helices TMH2, TMH3, and TMH7, wherein the side chain of S136 is involved. Water molecules which are highly conserved in the available crystal structures of rhodopsin [33] [34] [35] and the β2-AR [21, 22] are assisting this H-bond network. This network in the MC4R is essential for constraining the transmembrane helix arrangement in the basal signalling-competent conformation. Substitution of the hydrophilic serine side chain by the bulky aromatic side chain moiety of the phenylalanine in the S136F mutation most likely disrupts observed interaction by hydrophobic repulsion and sterical disarrangement between the interacting partners. This finally leads to an incompetence of the mutated receptor to transduce the ligand-initiated signal by distinct rearrangement of the transmembrane helix bundle towards the G-protein coupling interface. This scenario is supported by following facts: i) Previous mutant D90N showed similar dominant negative effect as the S136F mutant investigated here. ii) Together with N294 and D298 in TMH7, and D90 in TMH2, S136 in TMH3 are critical residues of the intramolecular H-bond network, and they are iii) completely conserved among over 70 MC4R orthologs [36] . Moreover, the stabilizing interactions between the transmembrane helices in the structural microdomain suggested for the MC4R, are also reported at corresponding positions for other GPCRs [37] . Since both side chains of D90 and S136 are oriented towards the interior portion of the MC4R monomer model, they are very likely not directly involved in potential dimer interaction of MC4R. One can only speculate that they exert an indirect effect via the H-bond network on the arrangement of the transmembrane helices and therewith likely also indirect effects on the oligomer activation. All EC50 enhancements clearly exceeding 2 (which is the case for binding the ligand by a mutant receptor without receptor activation) could be classified as a dominant negative effect. Notably, the highest shift in EC50 values is found after cotransfection of wild type and mutant receptor and upon stimulation with β-MSH. Under the assumption that β-MSH rather then α-MSH is responsible for hypothalamic weight regulation [38] [39] [40] , a shift of a factor of >10 may explain the severe phenotype of the patient. In this study we report the second MC4R mutation showing a dominant negative effect on wild type receptor signalling function. The identification of MC4R mutations that have a dominant negative effect, in contrast to those mutations for which the underlying molecular mechanism is a gene dosage effect, will help to identify those receptor regions that are essential to switch the MC4R conformation between the basal and activated state.
Appendix
Description of the Index Patient and Her Family
The S136F mutation was found in a girl aged 2 years and 4 months. The patient is the third child of three siblings born of non-consanguineous parents of Serbian descent. The weight of the index patient was 30.3 kg (>99th centile), height was 95.5 cm (>97th centile), resulting in a body mass index (BMI) of 33.2 kg/m² (>99th centile). Blood pressure was 86/75 mm Hg. Her birth weight was 4,190 g and excessive weight gain started before two month of age. She weighed 16 kg at 10.5 months of age and 27.5 kg at 2 years of age. Her parents reported marked hyperphagia with constant food seeking, similar to previously described persons carrying a mutated MC4R [1, 3] . A magnetic resonance imaging (MRI) of the CNS of the patient showed an asymmetry of the amygdaloid nuclei [18] . On laboratory testing her fasting blood glucose was 5. 2) mmol/l × mU/l. All available relatives of the index patient were genotyped. Only the mother, who is also severely obese (BMI 35.5 kg/m², >99th centile) did not carry the S136F mutation. All other family members were heterozygous mutation carriers: the paternal grandmother (BMI 41.7 kg/m², >99th centile), the father (BMI 30.7 kg/m², 96th centile), the elder sister (BMI 33.4 kg/m², >99th centile) and the elder brother (BMI 25.6 kg/m², 94th centile). All mutation carriers have a similar weight history. For all early onset of obesity with abnormal weight gain in the first year of life was reported.
Concerning the father and particularly the brother of the index patient, the obese phenotype became less apparent in adult age. The father aged 35 years weighs 95 kg at a height of 1.76 m which results in a BMI of 30.7 kg/m² (96th centile). His maximum weight was 112 kg. The brother of the index patient had a maximum weight of 115 kg at the age of 14 years, and at the time of this study weighed 81 kg (BMI 25.6 kg/m², 94th centile) at the age of 17. The current weight of the 18 year old sister was 100 kg (BMI 33.4 kg/m², >99th centile). She reported a maximum weight of 120 kg at the age of 17. The paternal grandmother had a weight of 104 kg (BMI 41.7 kg/m², >99th centile). She is under medical treatment for hypertension. The paternal grandfather and maternal grandparents were not available for phenotypic characterization, but according to reports of the available family members they all had been overweight or even obese.
